Introduction
With advances in various technical and functional aspects of machine components, light weight polymeric materials with high heat resistance began to be used in a variety of fields. Generally, the thermal conductivity of polymeric materials is low. As a result, when the material is locally superheated, extreme temperature elevations at the spots may impair the durability of the material. For example, when a polymeric material is used as a slide bearing, its reduced sliding ability, due to the accumulation of frictional heat, can sometimes be problematic.
Condensed polynuclear aromatic (COPNA) resin is a thermosetting resin which was invented and developed by S.Otani, A.Kojima, M.Ota et al.!1-3" . It is well known that COPNA resin has a high heat resistance!4" , and, for a carbon material, good adhesion properties !5" . In addition, the material is known to show self-lubricating properties if graphite is added to it!6-7" . Nevertheless, because COPNA resin is a polymeric material, its thermal conductivity is low.
Carbon fiber, on the other hand, is a reinforcement material with a high tenacity and high modulus; thus, it is mostly used in manufacturing carbon fiber reinforced plastic (CFRP). In the fiber direction, the mechanical properties of this plastic are desirable and its thermal conductivity is extremely high, but those characteristics in the lateral direction are not. Therefore, when CFRP is prepared by laminating a plain fabric or a unidirectional material, anisotropy occurs where the material properties in the plane direction are significantly different from those in the thickness direction.
Previously, we have discussed the application of a multi-layer interlocked fabric made of pitch-based carbon fiber as a reinforcement for CFRP. Such a fabric possesses a three-dimensional structure in which the fibers are oriented in the lengthwise, crosswise and thickness directions. With its use, the anisotropy of the mechanical properties of a CFRP can be improved!8-13" , and its thermal conductivity can also be raised!14" . Furthermore, a previous report!15"has demonstrated that multi-layer interlocked fabric reinforced COPNA resin composite exhibits excellent thermal conductivity and self-lubricating properties, and that the limiting PV (The product of pressure and sliding speed on sliding limit in friction test) value of this composite is higher than that of conventional materials.
This study focuses on composite materials that were prepared from COPNA resin and a multi-layer interlocked fabric made of pitch-based carbon fiber. The wear resistance of these materials was examined under 1 Industrial Technology Center of Tochigi Prefecture, 367-1, Karinuma-cho, Utsunomiya-shi, Tochigi 321-3224, Japan 2 Gunma College of Technology, 580, Toriba-cho, Maebashi-shi, Gunma 371-8530, Japan Abstract : Two kinds of multi-layer interlocked fabric with different fabric structures were made of pitch-based carbon fiber, and the fabric was combined with condensed polynuclear aromatic (COPNA) resin to prepare multi-layer interlocked fabric reinforced COPNA resin composites. In addition, a third type of material was prepared by adding graphite to the composite material. The wear resistance of these composite materials was evaluated under both high and low loading conditions by means of the cylinder/flat plate friction tester. The following results were obtained. In case of the composite material including graphite, at low loads the friction coefficient was low, and the wear resistance was high. However, at high loads the strength of the material was reduced due to the presence of graphite, and the sample failed. In case of composite materials made without graphite, the influence of the loading condition was small, and stable, high wear resistance was observed under conditions at both high and low loads. A higher wear resistance was observed in the case where the fibers were homogeneously distributed on the sliding surface of the composite material than in case where they were heterogeneously distributed.
( Transaction conditions of high and low loading by means of a friction tester. In addition, we evaluated the influence of graphite addition and assessed the structure of the fabric after wear resistance. Table 1 shows the properties of materials used for the preparation of samples. Pitch-based carbon fiber (XN-50-30S, Nippon Graphite Fiber Co.) and COPNA resin (SKR-N, Air Water Inc.) were used as the fiber reinforcement and resin matrix, respectively. The structure of the fabric is shown in Fig.1 . Both A and B are multi-layer interlocked fabrics with a structure in which the warps penetrate into the thickness direction of the material. Fabric B is different from A, in that the thickness and fiber density (number of fibers/length) were varied by composing a structure with 2 warps coupled in parallel.
Experimental

Samples
The samples were prepared by inserting these fabrics, together with the resin, into the metal mold, and compressing it according to the conditions shown in Fig.2 . The dimensions of the samples were 120 × 70 mm. After having been removed from the mold, the samples were heat-treated at 180 $ for 8hrs, and then at 210 $ for 12 hrs.
The sample which was molded with resin only is referred to as C0; the sample containing fabric A as a reinforcement is labeled CA, and that containing fabric B as CB. The sample with both fabric A as a reinforcement, and 20 wt% of graphite (KS10, TIMCAL Ltd.) per weight of the resin matrix is denoted as CA20. These samples are identical to those used in our previous study"15# . Figure 3 shows the stereomicroscopic pictures of the cross-sections of the samples prepared as mentioned above. In the pictures of CA and CB, transverse cracks are found which were caused by a volume contraction of the resin due to a hardening reaction. In our previous report"15# , it was demonstrated that existence of these cracks did not influence sliding properties. The volume fraction of the fiber, and the thickness, density, bending strength, bending modulus, and limiting PV value"15#of the specimens are shown in Table 2 .
Friction test
A cylinder/flat plate friction tester (EFM-III-F, Orientec Co.) was used in a series of friction tests. The cylinder (outer diameter 25.6 mm, inner diameter 20 mm, and height 15 mm) was made of carbon steel (S45C), and flat plate samples (30 × 30 mm) were prepared from the previously described C0, CA, CB and CA20. Each sample was pre-treated under the conditions shown below. The cylinder was polished with #240 water-proof abrasive paper, and then washed with ethanol. The flat plate samples were polished with #600 water-proof abrasive paper, and then washed with benzene and methanol.
The friction coefficient and temperature change of the samples were measured in a friction test conducted under the following conditions: the sliding speed was 0.5 m/s, the friction time was 100 minutes (friction distance was 3000 m), and the loads were 0.4 kN (PV value: 1.0 MPa ! m/s) and 2.0 kN (PV value: 5.0 MPa ! m/s). The temperature of the samples was measured with a thermocouple which was embedded at a position about 1 mm away from the sliding surface of the cylinder. Each measurement used a total of three samples. 
Results and discussion
Friction at low loading
The changes in the friction coefficient and the sample temperatures in the friction test at a load of 0.4 kN are shown as a function of friction time in Figs. 4 and 5 , respectively. Table 3 shows the average friction coefficient, and the average sample temperatures, calculated with the data obtained in all the measurements, as well as the wear depth and the relative wear volume.
In the friction test, at a load of 0.4 kN, the initial friction coefficient of C0 was 0.5. This value immediately began to decrease until, after about 20 minutes, it settled in the region between 0.07 and 0.1.
The average friction coefficient of C0 was 0.13. This value is lower than those for CA, CB and CA20, which include such lubricating components as graphite or carbon fiber with a graphite structure. Figure 6 shows an FE-SEM picture of the fine particles generated during the C0 friction test. It is evident from this picture that the diameter of the particles is less than 1 µm. It is reasonable to think that, because a large amount of these fine powders were generated between the C0 and the carbon steel cylinder material, some lubricating effect of the powder may have reduced the C0 friction coefficient. Without the effect of these fine powders, the friction coefficient of C0 would probably have been around 0.5, a value which was shown at the initial stage of the test "6# .
The wear depth of the C0, at 266 µm, was much larger than that of the other samples; in addition, its surface was extremely coarse. The wear depths of CA, Fig. 3 Stereomicroscopic pictures of the sample crosssections. Table 2 Properties of samples. CB and CA20 were 7 µm, 11 µm and 7 µm, respectively, levels which were considerably smaller than that of C0. Figure 7 presents FE-SEM pictures of the sliding surfaces taken before and after the friction test. These pictures showed a warp part of the samples, and it is a carbon fiber that is shape of a stick. When the load was 0.4 kN, the sliding surfaces of the CA, CB and CA20 were quite flat and smooth.
All these results demonstrated that CA, CB and CA20, which are reinforced with multi-layer interlocked fabric, exhibit a very high wear resistance. This characteristic can be attributed to the presence of selflubricating effects, and to the strengthening of the material achieved by combining multi-layer interlocked carbon fiber fabrics.
The average friction coefficient of CA20 was 0.23, a value which was substantially constant from the beginning to the end of the test. Furthermore, the average sample temperature was 150 $, which was the lowest of all, and reflects the improved material lubricating ability actualized by the graphite included in the resin.
Friction at high loading
In the friction test at a load of 2.0 kN, the C0 sample disappeared due to wear before the load reached the specified level. However, since the load was above the C0 limiting PV value, we had anticipated this result. Because the CA20 sample failed at an early test stage, the test could not be continued. In one case, the fibers peeled away from the resin, and in another, dropped away from the sample, in Fig.7 . Evidently, the peel strength of the base resin deteriorated due to the introduction of graphite.
Although the failure of the CA20 sample prevented us from continuing the friction test for a specified time period, we did obtain results for CA and CB. Figure 7 indicates that the sliding surfaces of these materials develop flaws at a load of 2.0 kN. However, their sliding surfaces were fundamentally flat. Figures 8 and 9 illustrate the changes in the friction coefficients and samples temperatures, respectively, at a load of 2.0 kN. The changes in the friction coefficients and the sample temperatures were almost the same for the CA and CB samples, and those value were substantially constant from the beginning to the end of the test. The average friction coefficients of CA and CB were 0.08, which is a very small value. Furthermore, the average sample temperature for CA was 247 $, and that of CB was 246 $, values that are almost the same. The relative wear volume of CA was 0.08×10 The wear depth of CB was larger than that of CA. This difference may be due to the fact that, in the fabric structure of CA, fibers were homogeneously distributed on the sliding surface of the sample, whereas in that of CB, the distribution of the fibers in the fabric structure was somewhat heterogeneous. Figure 10 shows the stereomicroscopic pictures of the surfaces of CA and CB. The warp density of the fabric used to prepare CA was equal to that used to prepare CB. However, due to the different structure of the fabrics, the warps in CA were homogeneously arranged throughout the material, whereas those in CB were heterogeneously distributed. In case of CB, it was necessary to construct a structure with 2 warps coupled in parallel in order to elevate the volume fraction of fibers to a high value. This is the cause of the difference in surface morphology of the 2 composite materials. Because fibers and resin were comparatively uniformly arranged in the surface of CA as compared with the surface of CB, the stability of friction of the former was improved, and high wear resistance was also realized. As noted in our previous report"15# , the same effect accounted for the fact that the limiting PV value of the CA was higher than that of CB. 
Conclusion
Composite materials were prepared by combining COPNA resin and a multi-layer interlocked fabric made of pitch-based carbon fiber. The wear resistance of the materials was evaluated by friction testing under both high and low loading conditions. In addition, the influence on this property of a graphite addition and of the fabric structure was examined. At low loading in the friction test, the composite material containing graphite showed a low friction coefficient and high wear resistance. However, under a high loading condition, the graphite blended into the resin caused a reduction of peel strength, and the sample failed during the tests. However, the sliding properties of the graphite-free composite material were not very sensitive to the loading condition; this material exhibited stable, high wear resistance at both high and low loading. The fabric structure did influence the wear resistance of the composite material. The samples in which the fibers were uniformly distributed throughout the sliding surface was more wear resistant than those of the material with a structure in which the distribution was somewhat heterogeneous.
